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INTRODUCTION.

As the result of the large number of cases of nerve injury caused by
the present war there has been a remarkable revival of interest in the
study of the electrical reactions of denervated muscle. Two years ago,
in this country at any rate, few physicians had any accurate knowledge
of the subject and this for two reasons, first because injury to peripheral
nerves is comparatively rare in civil life and second because in those
diseases which are associated with degenerative changes in the muscles
routine electrical examination was in the great majority of cases
neglected. It is not too much to say that not one student in a hundred
had at the time of passing his finaUexamination anything more than
the crudest notion of the differences between the electrical responses of
a healthy muscle and those of a muscle paralysed by anterior polio-
myelitis. At the present day, however, with the presence of thousands
of wounded men in the country, this hitherto obscure branch of medicine
has leapt into prominence. At no time has a knowledge—and by that
I mean a widely-disseminated knowledge—of the elements of electro-
therapeutics been so important. To the modern military hospital the
electrical department has become as essential a part as the X-ray room.
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298 ORIGINAL ARTICLES AND CLINICAL CASES

Many medical men have had to learn the principles of the subject from
the beginning, while others who had had previous experience have
discovered numerous fallacies in the older teaching. My object in the
present paper is to review the present state of our knowledge of the
subjects, to put on record fresh observations, and to explain the
phenomena as far as possible on rational grounds.

CHAPTER I.—HISTORICAL SKETCH : ERB'S SCHOOL.

If we study the history of medicine we find that in cases where one
man has possessed knowledge far exceeding that of any of his con-
temporaries, or has written far more on the subject than anyone else of
his time, the tendency is for future generations to accept the teaching
of the master as tradition, to ignore the conditions in which he worked,
and to neglect to subject his work to the scientific criticism and
experiment made possible in later years. A classical instance of this
is seen in the way in which the deification of Galen retarded the
development of anatomical knowledge for several centuries until the
time of Vesalius. Similarly with the branch of medicine now before
us—electromyology as it may be called. The dawn of our knowledge
of the subject is associated pre-eminently with.the name of Erb, who
discovered and collected a mass of information bearing upon the change
which a muscle undergoes when its motor nerve is divided. And we
find that later neurologists have come to regard the name of Erb almost
with a reverence like that with which the dissectors of the middle ages
regarded the name of Galen.

Now whether we agree or not with the facts laid down by Erb,
we must acknowledge the thoroughness with which he and his school
investigated the problem. In spite of the great development of electro-
physiology in the last forty years our clinical knowledge has advanced
comparatively little. Instead, the •clinical phenomena have come to be
regarded merely as signs, useful for diagnostic purposes, but of an
empirical nature, while few attempts have been made to explain them
on rational grounds.

The first hint of changes in the electrical responses of muscles after
injury to their nerves came from Halle, of Paris, as early as the end of
the eighteenth century. The significance of this discovery, however, was
not realized : the time was not ripe and the question lay dormant again
for about sixty years. In the middle of the last century came the rapid
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growth of the continental school of physiology. It was a time when
the electrical phenomena of living matter aroused the greatest interest
among biologists. It is not surprising therefore that physicians began
to turn their minds in the same direction. To Remak [25] belongs the
credit of being the first to revive the forgotten work of Halle ; Neumann
showed that a degenerated muscle had lost the power of contracting to-
a stimulus of momentary duration, while Baierlacher [2] appears to
have been the first to give a practical demonstration of clinical cases.
In 1859 the last-named showed a case of Bell's paralysis where the
muscles gave no response to faradization but were hyperexcitable to the
constant current. In 1868 two papers appeared simultaneously, the
first by Erb [8], embodying the results of his clinical investigations on
man and his experimental work on the rabbit, and second by .Ziemssen
and Weiss [29], who came to the same conclusions experimentally as-
Erb. In the following year Brenner confirmed Erb's clinical findings.

In 1874 [9] Erb wrote his classical account of the phenomena.
As this account formed the basis of all future work we may give a brief
summary of it.

In the first place Erb insisted upon the difference between the
changes undergone by nerve and those undergone by muscle. Changes
in the former are thus described. Two or three days after section
the irritability to the faradic current may be increased ; after this
the excitability to both faradic and galvanic current diminishes
simultaneously, and in seven to twelve days the nerve is totally
inexcitable. The change begins at the site of the lesion and spreads
peripherally. Return of irritability resembles loss in that it affects both
forms of current simultaneously, the process beginning at the lesion and
spreading peripherally. The excitability of the nerve remains for a long
period subnormal even when there is full voluntary power. In the
early stages of recovery there is a .period when voluntary power is
present, while at the same time the nerve is inexcitable below the lesion
but excitable above it—this corresponds to a period histologically when
the myelin sheath is either wanting or is incompletely formed.

The changes which muscle undergoes are quite different. Response
to faradism diminishes at about the same rate as in nerve, being lost
during the second week. This however is true only for stimulation
through the skin. Direct stimulation of the bare muscle gives a limited
contraction of the subjacent fibres for a long time after the injury.
Recovery of faradic irritability usually occurs later than in nerve,
remaining subnormal for a considerable period afterwards.
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To the constant current muscle becomes less excitable in the
first week. In the second week there is a distinct hyperexcitability
accompanied by a qualitative change. The contraction which was
previously short and brisk is now long and sluggish. Moreover, the
muscle becomes increasingly sensitive to the anodal closure current
(A.C.C.), so that the anodal closure becomes as effective as the kathodal
closure (A.C.C. = K.C.C.) and occasionally (" nicht selten") the A.C.C.
preponderates. A similar alteration affects the opening contraction.
The muscle may even remain in tonic contraction during the passage
of the constant current. "When these changes have reached a certain
stage, the opening contraction diminishes and, according to Brenner,
in the same proportion as the increase of sluggishness and the decrease
of irritability to currents of short duration. This stage lasts from three
to eight weeks, often longer.

Following this is a second stage characterized by a progressive
diminution of excitability to the constant current, a farther pre-
ponderance of the A.C.C. over the K.C.C, and an increase in the
sluggishness of contraction. This is contemporaneous with a gradual
disappearance of the cross-striation. Finally a weak A.C.C. is the
only " sign of life."

But if regeneration takes place the normal reactions gradually
return, but the period during which the excitability is still subnormal
may in bad cases be very prolonged.

The return of excitability in muscle is quite independent both of
the return of voluntary power and of the regenerative process in the
nerve.

A stage can be recognized at which the nerve is undergoing
regeneration while the reactions of the muscle are still unaltered—
moreover, the clinical picture varies with the rate at which the
recuperative process occurs. If regeneration occurs early, normal
excitability of the nerves may be co-existent with an abnormal response
in the muscle. If the process is later in appearing we have the
syndrome of diminished excitability of the nerve with the presence
of qualitative changes in the muscle.

Erb also mentions the increased mechanical irritability of the muscle
which he says occurs pan passu with the heightened excitability to the
galvanic current.

A full account is also given of the corresponding histological
changes. It is sufficient here to note that he believed in the view
then universally held that regeneration of nerve originated peripherally.
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The increased irritability of muscle to the constant current corresponds
to the period of proliferation of the nuclei of the muscle cells, while
the later stage corresponds to the atrophy of the muscle fibres. The
slow recovery of the muscle as compared with that of the nerve
he believes to be due to the mechanical obstruction afforded by the
development of fibrous tissue.

It would not be necessary thus to quote in extenso Erb's teaching
were it not for the fact that with the course of years the exact
knowledge which existed forty years ago has gradually been forgotten,
and all that has percolated into the average text-book of neurology of
the twentieth century is the bald statement relating to loss of faradic
excitability and polar reversal, the latter expressed in the dogmatic
form A.C.C. > K.C.C. Further, many facts which we have quoted
above have recently, through ignorance of the early work, been
resuscitated and served up as modern discoveries.

On the whole Erb's account met with general acceptance. But
there were not wanting those who disagreed on certain points. Of the
opponents, most prominent was Vulpian, who dissented from Erb on
two grounds, first on the question of the hyperexcitability of muscle
to the constant current, second to the predominance of the A.C.C. over
the K.C.C. It is in answer to these objections that Erb made his often
quoted and often misquoted statement that " he knew scarcely any sign
so certain and free from error as the heightened irritability to the
constant current and the qualitative changes in the contraction."

The unquestioning acceptance with which Erb's thesis was received
in this country is shown by a perusal of Hughes Bennett's work on
Medical Electricity [3]. The account which is there given of the signs
of degeneration is practically a verbatim report of Erb's account which
is summarized above.

On the physiological side Erb's account of the reversal of polarity
was received with profound suspicion. As early as 1867 Aeby [1] had
shown reversal of polarity in the* fatigued frog's muscle. Engelmann,
though he at first criticized the experiment, was afterwards forced to
admit that the phenomenon could occur. Biedermann, however, was
entirely sceptical, believing the results to be due to the secondary anodal
and kathodal points inevitable when strong currents are used. Writing
in 1894 he says : "Before giving a final judgment it would be necessary
here . . . to make further investigations with unassailable methods, for
the conditions under which alone experiment can be tried in man,
or have been tried in other animals, by no means correspond to the
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demands of an exact physiological method. On the other side there
are so many results, derived from irreproachable experiments upon
different muscles and nerves which are opposed to a theory of reversal
of polar effects that any supposed exception must a priori encounter
suspicion, and can only hope for recognition of the conditions of
experiment, and all accessories are perfectly simple and obvious" [4].

In attempting to criticize Erb's work in the light of modern know-
ledge there are certain points which must be borne in mind. That was
a time when electrical apparatus was not to be compared in point of
accuracy with that which is available at the present day. It is unfor-
tunate, too, that in his original paper Erb gives no accurate account of
the method which he employed. It is clear, however, that he measured
the current by the number of Daniell cells in series from which the
current is derived—a method open to obvious fallacies. His method of
estimating the amount of contraction is indefinite; a slight contraction
appears to have been represented by the sign Z, a slightly larger con-
traction by ZZ, and so on up to ZZZZZ. Ziemssen and Weiss, who
give some account of the apparatus which they used, seem to have
worked, generally speaking, on the same principles. It must be
remembered, too, that these discoveries were made before surgery had
been revolutionized by Lister. Operations on nerves must have been of
rare occurrence, so that in the great majority of the clinical cases under
examination it was impossible to determine the exact form and degree
of injury which the nerves had suffered.

Again, it would seem that a large number of the cases studied
were those of paralysis of the seventh nerve of the so-called " rheu-
matic " type. Under ordinary conditions of life this is of all peripheral
nerves the one most often affected. Moreover, it is one which on
account of its position, and the position of the muscles which it supplies,
is most easily studied. Next in frequency to the facial muscles come the
intrinsic muscles of the hand. Of the four cases which Erb describes
in his original communication, three are cases of Bell's palsy, while the
fourth is an injury to the ulnar nerve. As we shall see later, both the
facial muscles and the small muscles of the hand and foot are peculiar
in their behaviour.
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CHAPTER II.—POLARITY OF NORMAL AND DEGENERATED MUSCLE.

(1) Unipolar Stimulation.

The infallibility of polar reversal as an absolute sign of degeneration
has recently been challenged by many observers. At the present day,
in fact, some neurologists discredit it altogether. With a view to
determining whether polar reversal occurs, and, if so, what is the true
significance of the phenomenon, I have subjected some hundreds of
cases of nerve injury to the test.- The first method I employed is that
which is commonly followed. One electrode (called the testing electrode)
is placed on the muscle near its proximal end. The other (the so-called
indifferent electrode) on some distant part proximal to the muscle.
Make and break are effected automatically by means of a metronome,
thus obviating any source of error due to movement of the testing
electrode. The kathode having been placed upon the muscle the current
was increased by a rheostat until a minimal contraction appeared. The
electrode was then moved about until the most excitable part of the
muscle was discovered. The amount of current in milliamperes which
caused a minimal contraction at this point was read off by an assistant.
The current was then reversed, and the minimal exciting current at the
same point determined. The corresponding muscle of the opposite side
was then tested in the same way. The results are given in Tables I,
II and III.

If we first consider Tables I and II, which are taken from cases of
injury of the musculospiral and sciatic nerves, we find that excluding
Case I, which was examined only nineteen days after injury, with
K.C.C. a stronger current was required to evoke contraction on the
degenerated side than on the normal side. In the case of A.C.C. the
relative excitability on the two sides is variable. Further on the normal
side K.C.C. is invariably more effective than A.C.C, while on the
degenerated side we have K.C.C. -= A.C.C, K.C.C. > A.C.C. or A.C.C. >
K.C.C. In the fourth and eighth columns I express the difference as a
fraction of the total current. It will be noticed that in the great
majority of cases the difference between K.C.C. and A.C.C is, relatively
to the strength of current used, much greater on the normal than on
the degenerated side. The small differences are within the bounds of
experimental error in the case of paralysed muscles, so that one may
say that as a general rule degenerated muscle is indifferent to the
polarity of the electrode. Lastly, there is no relationship between the
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NOTES TO TABLES I, II, AHD HE.

(1) The figures indicate the current in milliamperes required to produce minimuin
contraction.

(2) In the fourth and eighth columns of figures I have represented the difference aa a
fraction of the total current (K.O.C).

(3) In the third and sixth columns of figures a + sign indicates K.C.C. > A.C.C. :
a - sfgh indicates A.C.C. >'K.0.C. " •

(4) In the cases where the nerve was not examined surgically, evidence of severe injury
was indicated by the absence of response to Faradism and the sluggish response to the
constant current.
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polarity of the muscle and the degree of injury which the nerve has
sustained.

Table I I I shows the results obtained from cases of injury to the
median and ulnar nerves. It will be observed that all the muscles
examined are the intrinsic muscles of the hand. Again we see the
variable K.C.C. : A.C.C. relationship obtaining in the degenerated
condition, but in these cases we find the same variability on the normal
side, reversal of polarity occurring with approximately equal frequency
on the two sides.

(2.)

In stimulating the motor point of a normal muscle we are dealing
with a nerve-muscle complex, the current affecting three different
" receptive substances." There are the intramuscular branches of the
nerve, and there is the muscle tissue proper. In addition, Langley [15]
has shown that there exists in between yet a third distinct substance,
existing as a kind of synapse between nerve and muscle. This has been
confirmed by Keith Lucas [18], who finds that these three receptive
substances can be distinguished by their excitability. The least excitable
(Lucas's o substance) being the muscle proper, and therefore present
equally in all parts of the mnscle, the most highly excitable (/3) being
the substance at the synapse or neuro-muscular junction, while the
purely nervous substance (7) is intermediate in excitability. With
one electrode placed over the motor point of the muscle the three
substances will be affected to a varying extent depending upon their
excitability. The /9 substance will therefore preponderate, and we
must regard the mechanical effect as the result mainly of stimulation
of this substance.

Now, there is one point which must be mentioned here, since it is
too often forgotten in clinical work, and that is the difference between
the real and the apparent electrodes. Supposing we place the negative
electrode on the motor point of the biceps and the positive electrode on
the side of the neck. On closing the circuit the current flows into the
body at the neck and leaves it at the arm. But it would be absurd to
say that the kathode is at the muscle and the anode on the neck.
The true anode is the point or points at which the current enters the
muscle, and the true kathode is the point or points at which it leaves
the muscle. As the current leaves the positive electrode at the neck it
spreads out diffusely according to the resistance offered by the tissues,
it enters the muscle diffusely, and in the case before us where the
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muscle is large and superficially placed, it leaves the muscle concen-
trated at the point nearest to the negative electrode. This is shown
diagrammatically in figs. 1 and 2. The negative field is the more
concentrated, and will exert a greater physiological effect than the more
diffuse positive upon the neuro-muscular substance, since this is in the
immediate neighbourhood of the former. On reversing the current we
get the opposite state of affairs. The current enters the muscle (anode)

KOC

Negative £lectro<ie

.Skin

Direction
of

Current

Region of
Neuromuscular Junction

FIG. 1.

ACC

I Positive Electrode

Skin

Region of
Neurorauscular Junction

FIG. 2.

concentrated in the region of substance fi, leaves it diffusely (kathode),
the anode therefore exerting the greater effect. Now if we test the
polarity of a normal muscle at different points on its surface we find
that the normal condition K.C.C. > A.C.C. is obtained with constancy
only at the motor point. At other parts of the muscle the relationship
is variable. This is shown in Table IV.
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TABLE IV.—EFFECT OP VABYINQ POSITION OP ELECTHODK.

Case (28) of Complete Division of Sciatic Nerce. Muscle—Tibialis anticus. The figures
indicate amount of current required to produce viinimal contraction.

Position of t-(atlog electrode

Proximal end of muscle
Middle of muscle
Distal end of muscle

I'ABAI.THID LIMB

K.C.C.

15
15

• 11

A.C.C.

15
15
14

NOBMAL LIUB

K.C.C.

1-5
4O

10-0

A.C.O.

5O
CO
90

KCC

-Skin

PIG. 3.—True anode and kathode in the case of a ahort mnscle.

ACC

-Skin

When degeneration occurs the first change is the disappearance,
as we Bhall see later, of the physiological " motor point"—all parts of
the muscle becoming equally excitable. From these facts one may
conclude that the indifference to polarity which we have seen is
characteristic of the degenerated condition, is due to the absence of the
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neural and neuro-muscular substances, the muscle proper responding
directly to the stimulus. .

It now remains to explain the anomalous behaviour of the normal
muscles in Table III. All the muscles here are of very small size
compared with those of Tables I and II. In testing these small
muscles it is a matter of much greater difficulty to single out the motor
point and to obtain a concentrated effect at the point of entry or of exit.
The current enters the muscle diffusely and leaves it diffusely. Conse-
quently we cannot tell whether the muscle is being stimulated at the
point of entry or at the point of exit of the current. This is shown in
figures 3 and 4.

It is sometimes stated that in testing the intrinsic muscles of the
hand the so-called indifferent electrodes should be placed on the opposite
side of the hand in testing the dorsal interossei, for instance, the
indifferent electrode should rest against the palm of the hand. This
practice I believe only aggravates the anomalous behaviour of these
muscles, since the current is thus being made to pass at right angles
to the direction of the muscle fibres. I have obtained more consistent
results by placing the indifferent electrode on the arm.

(3) The Longitudinal Reaction.

It has long been known that in a normal muscle contraction is
most easily evoked at the motor point while in degenerated muscle, it
can often be activated more easily at the distal end. This was called
the Longitudinal Reaction. This, as Lewis Jones [12] pointed out,
was due to the destruction of the neural elements, leaving the muscle
equally excitable at all points of the surface. This effect is, however,
obtained only when the indifferent electrode is placed on some part of
the body prdximal to the muBcle, and this for a very simple reason.
When the testing electrode is placed distally the muscle is brought
under the influence of the current as shown in figures 5 and 6. Conse-
quently as all parts of the muscle are equally excitable the physio-
logical effect will be greater. But in the normal muscle the motor
points being much more irritable than any other part of the muscle,
this effect is not seen.

(4) Effect of Increasing the Stimulus upon Polarity.

If instead of taking minimal contractions as our guide, we study
the changes in the KC.C.: A.C.C. relationship a further remarkable

BBAIK. VOL. XXXIX. • 21
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Electrode

P I Q . 5.—Illustrating the longitudinal reaotion. In the normal musole a is more effective
than b, owing to the condensation of field at the motor-point in the former.

a

FIG. 6.—Illustrating the longitudinal reaotion in the degenerated muscle. The muscle
being equally excitable all over, owing to the absence of the " motor-point," b is more effective
than a, since in the former more of the current traverses the muscle.
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difference in the behaviour of normal and degenerated muscle is seen.
Taking the healthy muscle first we find the amount of current required
to give minimal contractions with K.C.C. and A.C-C- With the
tathode on the muscle we then increase the current until a full
contraction is obtained. This having been recorded, the current is
then reversed, and the current required to evoke an equal contraction
is determined. The degenerated muscle is then tested in the same way.

TABLE V.—EFFECT OF INCREASE OV STIMULUS ON K.C.C.: A.C.C. RELATIONSHIP.
MUSCLE—TIBIALIS ANTICUB.

Cose
No.

29

30

31

32

33

Cue

Pte. McC.

Pte. W.

2nd Lieut. S. ..

Pte. MoD.

Limb

( Normal limb
\ Degenerated limb .
( Normal limb
1 Degenerated limb .
j Normal limb
( Degenerated limb .
( Normal limb
1 Degenerated limb .
f Normal limb
{ Degenerated limb .

MINIMAL CONTRACTION

K.C.G

5
Stimu
2

16
5

17
5

10
3

20

A.C.C.

11
ation ]
5

20
8

17
11

12
9

24

ma.

6
ainful

6
2

6

FULL CONTRACTION

K.C.C.

14

7
35

10

13
20

4

A.C.C.

25+

13
37

17

22
20

12

Dlff.

9 +

6
2

7

9
0

8

Table V gives the result of the examination of five cases in this
way. It will be noticed that in the case of the normal muscle, as the
strength of contraction increases, the difference between K.C.C. and
A.C.C. also increases. In the degenerated state, on the other hand,
increasing the force of the contraction does not materially affect the
polarity—the difference being small in any case.

(5) Bipolar Stimulation.

A muscle can also be stimulated by placing both electrodes over it,
one at either end. I have tested this method and find that the results
obtained are almost exactly the same as are obtained by the unipolar
method. With the kathode at the proximal end and the anode at the
distal end the current is descending the muscle and vice versa. Owing
to the propinquity of the motor point to the proximal end we have in
normal muscle—

Descending > Ascending.

In the case of degenerated muscle, the relationship is variable, but
.any difference is comparatively slight.
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Summary of Chapter II.

(1) In the case of long muscles in the normal condition we find
K.C.C. > A.C.C. This is constant.

(2) In degeneration the muscle is almost indifferent to polarity.
This is due to the disintegration of the neural and neuro-muscular
elements at the motor point.

(3) The normal K.C.C. > A.C.C. is only obtained with constancy
when the testing electrode is placed over the motor point.

(4) In normal short muscles such as those of the hand or face,
the difficulty of singling out the motor point is responsible for the
inconstancy of the results obtained.

(5) The " longitudinal reaction" as usually tested is due to the
greater amount of current traversing the muscle when the testing
electrode is distal than when it is proximal.

(6) In normal muscle the K.C.C. : A.C.C. difference increases with
increase of stimulus. In degenerated muscle the response is indifferent
whatever the strength of current.

(7) The " bipolar " has no advantage over the " unipolar " method.

CHAPTER II I .—FURTHER OBSERVATIONS ON DEGENERATED MUSCLE.

(1) Increased Galvanic Besponse.

We have seen that the quantitive change in the response to
the constant current was the subject of dispute between Erb and
Vulpian. Erb asserted the invariable increase in galvanic excitability,
beginning in the second week and lasting as long sometimes as two
months. But he afterwards modified this statement, admitting that in
some cases of paralysis of the lower limbs the phenomenon did not
appear. Experimenting upon rabbits in which the bare muscle iB
stimulated, I have found this to be a constant sign; about three weeks
after nerve section, the increased response to the galvanic current with
the diminished response to the faradic current is indeed very striking.
In clinical work on the other hand the results obtained are less constant.
A stage of increased excitability to the constant current can sometimes
be recognised, but not always. The fact is I believe theoretically
such a stage always occurs. I have already called attention to the
imperfections of apparatus used in Erb's time. Even with all the
improvements of the present day we still have no means of estimating
the strength of current which is actually stimulating the muscle as
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distinguished from the strength of current which is passed into the
body.

Owing to the impossibility of making stimuli which are physio-
logically equal on the two sides of the body, no true quantitative
estimate of excitability can be made. I regard then the increased
galvanic response as a constant and necessary part of the reaction of
degeneration in an early stage, but one which cannot always be
demonsteated owing to imperfections of technique. At the same time
it is possible that the phenomenon is not so well developed in human
muscles as in those of the rabbit.

(2) Absence of Response to tlie Constant Current.

Degenerated muscle may respond to the constant current for a very
long time. Sherren [27] quotes a case .of complete division of the
musculo-spiral nerve in which the * muscles responded twenty-three
years after the injury. It would appear that a response is obtained as
long as any contractile material remains, that is to say until the muscle
has completely atrophied, or has been replaced by fibrous tissue. As
however there are certain conditions under which the constant current
fails to evoke any contraction, these must be described.

The average adult patient can usually tolerate the galvanic current
of strength sufficient to cause contraction of the muscle. In some cases
of course owing to temperamental conditions or, in cases of incomplete
injury to referred pain, caused by the irritation of the nerve trunk it
becomes difficult to bring the required strength of current into play.
There are too, certain regions of skin where the electric current is
particularly unpleasant. I have found the front of the thigh to be of
this nature, making the examination of the quadriceps extensor and
sartorius often very difficult.

The presence of oedema has a very marked effect upon the response.
A small excess of fluid in the subcutaneous tissue at the point of
application of the electrode is sufficient to prevent the contraction even
of normal muscle to either form of current. The reason for this no
doubt is that the subcutaneous fluid is a better conductor than the
muscle. The current flows along the line of least resistance without
touching the deeper structures.

Failure to respond to the constant current also occurs when the
muscle itself is damaged. This is a point of some diagnostic importance.
Recently a patient was brought to me suffering from a gunshot wound
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of the forearm. All the muscles responded normally except the flexor
longus pollicis which gave no reaction whatever. In this case
the muscle itself was damaged, since had the typical " reaction of
degeneration" been obtained it would have signified injury to the
branch which the median nerve supplies to this muscle.

. (3) Beturn of Faradic Excitability.

As we have seen in our historical survey, it was taught in the
seventies that voluntary power returns before the response to the
faradic current. Some recent observers, however, have found that this
is usually but not always the case. In my own experience voluntary
power returns first in normal cases. Usually the muscle attains to
considerable strength before it responds to the interrupted current.
Cases in which response to faradism occurs while still completely
paralysed come into two categories. There are those where the patient
has never been encouraged to exert his will power and has never
even tried to use the muscles. In other cases there is a "functional "
element superadded to the organic mischief. These cases never fail to
respond to encouragement and other appropriate measures.

Summary of CJiapter III.

(1) Increased galvanic excitability, is a necessary stage in the process
of degeneration. It cannot however always be recognized. It may be
less evident in man than in the rabbit.

(2) Absence of galvanic response occurs: (1) in cases of very long
standing; (2) as a result of hypersensitiveness of the skin ; (3) when
oedema is present; (4) when the muscle itself is injured.

(3) In regeneration, voluntary power returns before faradic excita-
bility, except in functional cases and those in which the extent of
voluntary power is not realized by the patient.

CHAPTEB IV.—CONDENSER DISCHARGES.

In the early days of electromyology it was known that degenerated
muscle failed to respond to the faradic current because the individual
impulses were of so short duration. Many attempts have since been
made to stimulate muscles by known quantities of electricity, and so
to estimate different grades of degeneration according to the mini-
mum duration of current to which the muscle responds. For this
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purpose condensers were introduced, first by Boudet in 1888; their use
was afterwards extended by Dubois [7]. In this country the chief
exponent of this system of testing was Lewis Jones, who introduced
a set of twelve condensers, the capacity and discharge duration of which,
at a voltage of 100, are these :—

Capacity in Duration of
microfarads dUdiarge

0-016 .. . . . .
0-025
0-06
0-62
0-08
0-126
0-25
033
06
066
10
2-0

A further modification has recently been introduced by Hernarnan-
Johnson [11], by which the voltage can be varied. It is supposed that,
by finding the smallest charge which will cause stimulation, an absolute
value can be given to the stage to which degeneration has advanced and
that day to day tests give a measure of the progress of the case.

Let us now consider whether the condenser gives that exact scientific
information which it is alleged to give and whether we can obtain by its
means any information of value which cannot be got by means of the
faradic and galvanic currents.

Of the constant nature of the capacity of a given condenser there
can of course be no question. But before we can consider the condenser
as an instrument of exact scientific measurement we must have some
means of finding what proportion of the charge passes through the
muscle and stimulates it. To say that in the ordinary process of
stimulation the whole charge is effective is absurd. The muscle
responds to that part of the charge which passes through it, not to the
whole charge which passes through the body. At present we have
no means of estimating the amount of the part which is active.
Comparison with the corresponding muscle of the healthy limb, although
some sort of guide is open to the same fallacy as in the case of the
constant current—that is to say, the varying conditions on the two
sides—the size of the muscle, the state of the subcutaneous tissue.
Further, if the result obtained at one examination of the muscle cannot
be regarded, as a definite standard, it follows that the results obtained
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from a series of examinations at intervals of some weeks or months will
have still less value. Besides the condition of the muscle many other
factors will be different on the two occasions—the position of the
•electrodes, the amount of subcutaneous fat and the temperature of the
skin, in spite of (or in consequence of) artificial attempts at keeping
the skin warm. With so many varying factors the amount of electrical
energy which is available for the stimulation of the muscles must be
subject to very considerable variation. So far from being more scientific
than the constant current method, it is in reality less so, for by
estimating the relative excitability to K.C.C. and A.C.C. we have only
one variant—the direction of the current. We are here comparing the
effect of a given current with that of the same current reversed, all
other factors being unaltered.

a b
FIG. 7.—Discharge of condenser : a, through low resistance ; 6, through high resistance.

Those who advocate the use of the condenser lay great stress on the
fact that with increase of the capacity of the condenser, voltage being
constant, there occurs a proportional increase in the duration of the
discharge. But the discharge duration, so far from being constant,
varies with the external resistance of the circuit.

Figs. 7 a and b show the difference in the form of discharge with
small and with high resistance. It is idle to suppose, as has been
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supposed by some, that the resistance of the body is a negligible quan-
tity. A short experience of passing current through the body •will be
sufficient to convince anyone that the resistance offered by the body is
considerable, quite sufficient at any rate to alter the duration of dis-
charge. But even if the duration were independent of any external
circumstance it is difficult to see what scientific value can be attached
to its expression. We have already seen that the stimulating effect of
the constant current depends upon two factors, strength (voltage) and
duration, which are related inversely. Further, there is a threshold
voltage below which contraction does not occur even with infinite
duration. Consider the discharge A—B. The current falls rapidly to

FIG. 8.

zero at B. At a certain point x it reaches the minimum effective
voltage. The part xB of the current is therefore totally without
physiological effect, and since we have no means of knowing the exact
position of the point x we cannot tell the duration of the effective
current. Moreover, as the inclination of the curve varies with resist-
ance so the distance of x from A and B will vary, a fact which further
complicates the question.

Another factor which must be taken into account is the direction of
the current in relation to the direction of the muscle fibres. Leicher [17]
showed that with a given current the maximum effect is produced
when the current traverses the muscle longitudinally. If the current
pasBes absolutely at right angles to "the direction of the fibre it is
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without effect. The position of the electrodes, therefore, is all important
if accuracy is the objective. In the method adopted by some, namely,
pinching up the muscle between the electrodes, the electrical discharge
is acting at the greatest physiological disadvantage.

It must be admitted, however, that the condenser discharge
possesses one great advantage over the galvanic current in that it is
comparatively painless, but as a set-off against this must be stated the
undoubted fact that the condenser discharge spreads more diffusely in
its passage between the electrodes, and consequently it is more difficult
to limit the effect to one muscle.

A more scientific method was introduced in 1903 by Leduc, who
invented a means of interrupting the constant current mechanically in
such a way that the duration of current as well as the interval between
could be altered. Both were capable of measurement. But the
apparatus was so complicated that the method never came into general
use in this country.

Even if the condenser did give an absolute value it is doubtful
if the results would be of any constant practical use as a test of
recovery. We have seen that usually voluntary power returns before
the faradic response. If the testing is performed by means of the
condenser it will be found that voluntary power will usually have
begun to return before there is any change in the electrical response.
Here then the condenser possesses no advantage over the constant
current.

In conclusion, we may say then that the condenser does not give
the accurate estimate of degeneration which is attributed to it. I t is
indeed no royal road to diagnosis and prognosis. It may in some cases
be of use in supplementing the information obtained from the older
methods, but these on the whole are preferable. The animal body is
from an electrical point of view terra incognita, the mysteries of which
are not to be explored by the further elaboration of apparatus in the
direction of obtaining graded stimuli, the accuracy of which is upset by
a varying and unknown resistance.

Summary of Chapter IV.
(1) The defects of the condenser are that the discharges vary with

the resistance and with other factors. They do not give uniform results
either in theory or in practice. It is difficult to confine the discharge
to any individual muscle.

(2) The one advantage of condenser discharge is that they do not
cause pain.
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CHAPTEB V.—THE NATURE OP THE DEGENERATIVE CHANGES.

When we come to consider the changes following section of a motor
nerve we are forced to admit that in the past investigation has been
directed far more towards the changes occurring in nerve than towards
those occurring in muscle. The controversy upon the regeneration of
nerve has been partly responsible for this. But the process of degene-
ration does not stop short at the nerve-ending, the regressive changes in
muscle are something more than disuse atrophy following paralysis of
the nerve. Clearly, the disintegration of the nerve-endings within the
muscle, although it may affect the degree of response of the muscle
to artificial stimuli, cannot by itself explain the striking change in the
form of the contraction. This must be due to some change in the
•muscle itself.

The muscle-fibre no less than the nerve-fibre is dependent upon
its connection with a healthy anterior cornual cell for the maintenance
of its normal structure and excitability. This is not surprising when
we remember that in the earliest metazoa contractile tissue first appears
in the form of fibrils laid down in a cell another part of which is
adapted to the- reception of stimuli, the whole cell being dependent
functionally upon the nucleus. The same cell is receptor, conductor and
effector, to use Sherrington's nomenclature. In higher forms, in spite
of the increasing complexity of the reflex arc, the central part of the
mechanism exerts upon the effector organ an influence which involves
more than the mere discharge of impulses. The anterior cornual cell
is still the trophic centre of the muscle-fibre as well as of the nerve-
fibre. Judged from this point of view the muscle is merely a special
modification of one end of the conductor mechanism as the receptor
organ is at the other.

We shall now proceed to consider why, after section of a nerve, the
brisk normal twitch gives place to the sluggish response characteristic
of degeneration.

(1) The Process of Degeneration in White and Bed Muscles of the
Babbit.

In striped muscle, fibres of two kinds are found, the white and the
red. These are distinguished from one another histologically and
physiologically. In structure the red fibres have a greater amount of
sarcoplasm than the white, and have also a certain peculiar arrange-
ment of blood-vessels first pointed out by Kanvier [23], the significance
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of which is not known. On stimulation white fibres respond briskly
while the red fibres respond with a sluggish contraction after a
comparatively long latent period. In man each individual muscle is
composed of a mixture of both kinds of fibres, while in some animals,
notably the rabbit, different muscles are composed exclusively of one
kind or the other, the gastrocnemius for instance being.purely white,
and the soleus purely red.

Now the contraction of normal red muscle bears at first sight a
resemblance to that which is obtained from degenerated human muscle.
It might be thought, therefore, that the reaction of degeneration as
found in man is due to the process of degeneration affecting the white
and red fibres at unequal rates, the former degenerating more rapidly
than the latter, so that at a certain stage in the process the red fibres
alone respond to electrical stimulation. In other words, the reaction of
degeneration is brought about by the unmasking of the red fibres
owing to the rapid death of the white kind.

But that this hypothesis of degeneration is improbable is shown
by the following considerations :—

(1) The resemblance between the mixed degenerated muscle of
man and the pure red muscle of the rabbit is more apparent than
real. In the degenerated condition response to induction shocks is
very difficult to obtain, even though at the same time the excitability
to the constant current may be considerably exalted. In the normal
soleus of the rabbit the single induction shock is just as efficient
a stimulus as the constant current. Moreover, this is still the case
after the administration of curare, showing that stimuli of momen-
tary duration affect this type of muscle directly #nd not through the
nerve endings.

(2) This hypothesis presupposes the more rapid degeneration in
the white fibres than in the red. It has been stated by Joteyko that
such is the case, but after a careful examination of several rabbits I
am unable to find any foundation for this statement. If there is any
difference in the behaviour of the two varieties of fibre it would appear
in the opposite direction. According to my results the red muscles
degenerate in the majority of cases more rapidly than the white. If we
take loss of weight as an indication of the rate of degeneration the
results shown in Table VI (p. 342) indicate that there is no constant
difference in the amount of wasting shown by the gastrocnemius and
soleus. I admit, however, that this is a poor criterion, since atrophy is
no doubt partly due to disuse.
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(3) The degenerative process in the pure white muscle corresponds
fairly closely to the process as it affects the mixed muscle of the human
being. It would appear, therefore, that in the latter it is always the
white fibres which respond whatever may be the stage of degeneration.
Normally the white fibres being more excitable, and responding more
briskly than the red, determine the rate of contraction of the whole
muscle. The process of degeneration would, therefore, seem to be due
to changes occurring in white fibres mainly.

(4) The " reaction of degeneration " is a change which occurs not
slowly as may be supposed from its name, but with comparative sudden-
ness, as has recently been shown by Paton and Findley [22J. It is
difficult to explain this by assuming that the white fibres become
suddenly inexcitable some few days after section of the nerve.

Although we cannot in this way explain the phenomena of degenera-
tion as they occur in man, the comparative study of the electrical
behaviour of the two varieties of muscle fibre does throw some light on
the problem before us.

I have followed the process of degeneration in the muscles of the
rabbit's hind leg after resection of a portion of the sciatic nerve in the
thigh. Babbits were examined at different periods ranging between
four days and four months after neurectomy. In all cases the left
nerve was cut, the right side being used as a control. In each case
before the muscles were investigated the condition of the nerve was
examined to ensure that the operation of neurectomy had been effective.
The muscles were stimulated by means of small sponge electrodes,
soaked in salt solution, which were laid 6n the bare muscle. Where it
was desired to take tracings the tendon was cut, the muscle freed from
the surrounding tissues, except at its proximal attachment, and the
distal end was attached to the recording lever.

(2) Electrical Behaviour of White Muscle.

The excitability to the interrupted current diminishes rapidly, but
does not disappear until many weeks have elapsed. As long as three
months after section of the nerve a slight contraction can be obtained,
using very strong currents. It is difficult, however, as late as this to
produce a contraction of the muscle; as a rule, all that occurs being,
as Erb pointed out, a contraction of the fibres adjacent to the electrodes.
Experimentally, therefore, faradic response is not an absolute test of
degeneration, though clinically it is so owing to the limitations of
stimulation due tcr the-resistance of the skin and human powers of.
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endurance. Erb mentions a case where, in spite of an injury to the
nerve, faradic response was present. I have never come across such a
case and am very doubtful whether it can occur after complete division,
sufficient time of course having elapsed to allow of degeneration.

Make Break Matte
Fio. 9. -Tibialis antleus. Eight days after seofcicm of nerve. Tonus has not yet appeared.

The excitability to the constant current is unaltered as far usually
as the eighth day (fig. 9), a brisk twitch occurring at make, and if the
current be not too weak, at "break, the muscle remains uncontracted
while the current is passing. During the second week two well-marked
changes occur. The first is the increased excitability to this form of
current, coincident, it must be remembered, with a diminished response
to the faradic current. At the same time the phenomenon of galvano-
tonus appears—the muscle remains contracted while the current is

' passing. This was first demonstrated by Fiok [10] for degenerated
amphibian muscle.

(3) Clmracteristics of Galvanotonus.

Fig. 10 shows the condition found in the gastrocnemius fourteen
days after section of the nerv©. With a weak stimulus (fig. 10, I) the
contraction both at make and at break is of a double nature, the first
being a twitch jost as brisk as the response of the normal muscle, the
second a slower , contraction which appears after the first. In the
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tracing this appears first as the arrest of the relaxation following
the twitch. On increasing the current the slower contraction becomes
further developed until it forms a tonic contraction which persists
during the passage of the current. At break there is again a twitch
before relaxation, the lever rising as it were above the plateau of the
persistent contraction.

The question now arises whether the second element in the con-
traction is due to the rapid change of potential as in the case of the
primary twitch or whether it is due to the persistence of the current.

FIG. 10.—Rabbit's gastrocnemius fourteen days after section of sciatic nerve, showing
effect of increasing the stimulus.

A glance at fig. 10 I shows that the contraction at break is of a
double nature just as the contraction at make. Rapid change of
potential is therefore the cause of the second part of the contraction
as well as of the first.

If the degenerated muscle is stimulated with a weak single induction
shock, the result is a simple twitch (fig. 11 a). "With stronger shocks
the second element appears, but is not well marked (fig. 12). This
shows that with currants of- momentary duration the main effect is
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twitch, the second element being less prominent than when currents
of longer duration are used.

We must now inquire whether the mere passage of a constant
current is of itself sufficient to evoke contraction in a degenerated
muscle. In order to determine this point the gastrocnemius in the

B.

M. B.

FIG. 11.—TibialiB anticus, twenty-one days after section of nerve. Upper diagram : Two
induction shocks. Lower diagram : Constant current. Time : J" = 1 second.

fifteenth day of degeneration is stimulated by the make of a weak
current insufficient to cause galvanotonus. This causes a contraction
(e.g., fig. 13). When the muscle has completely relaxed, the current is
increased by lowering a resistance placed in the circuit. The muscle
is unaffected. At break of the current (b) contraction occurs. The

 at U
niversity of Sussex on June 8, 2016

http://brain.oxfordjournals.org/
D

ow
nloaded from

 

http://brain.oxfordjournals.org/


DEGENERATION OP MUSCLE FOLLOWING NEEVE INJUBY 325

muscle is then stimulated with a current of the same strength as at b.
There is a well-marked galvanotonus (c-d). The mere passage of a
current is therefore insufficient to cause contraction of a degenerated
muscle. Change of potential of a certain rapidity is necessary to cause
contraction, the flow of the current maintaining a condition which it
cannot itself initiate.

FIG. 12—Degenerated white muscle. Strong induction shock.

a b e d
FIG. 18.—Gastrocnemius, fifteenth day. o, Contraction obtained by make of a weak

current; the current passing through the muscle was then gradually increased ; this increase
had no efiect. At 6 the ourrent (now strong) was broken, c, Contraction obtained by make
of current of same strength as at 6. Note definite galvanotonus.

(4) Efiect of Fatigue on Galvanotonus.

The two components of the process of contraction are capable of
further differentiation. Fatigue for instance affects them unequally.
If the gastrocnemius preparation be stimulated by several induction
shocks in rapid succession we find that on passing in a constant current
immediately afterwards the galvanotonus is still as well marked as it

BEilN.—VOL.
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was at first. If the same muscle be stimulated repeatedly by make and
break of the constant current, then tonus diminishes and disappears,
leaving the initial twitch unaffected. This is shown in fig. 14. Here
the tibialis anticus, twenty-one days after section of the nerve, was
stimulated with sixty induction shocks—this left tonus unaffected.

M. B.
PIG. 14.—TibialiB antious twenty -one days after section of nerve. Stimulation by con-

stant onrrent after stimulating with constant current about sixty times. Note fatigue
effect.

M. B.
The same muscle stimulated by constant current after stimulating with about sixty

induotion shocks. Note the absence of fatigue effects. Time: 4" = 1 second.

It was then stimulated sixty times with the constant current, the
duration of the current being about one second each time. The second
part of the contraction is less marked and tonus is absent, whereas
the twitch at make is unaffected. The second component is therefore
easily fatigued by currents of long duration, whereas it is unaffected by
currents of momentary duration. By the constant current the slower
contraction is more easily fatigued than the twitch.
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(5) Effect of Load.

If we consider the effect of load
upon the form of contraction we find
that on the whole the effect of in-
creasing the load is to diminish both
parts of the contraction together.
This is shown in fig. 15. With each
load tEe mnscle made one contrac-
tion, fatigue being thus reduced to
a minimum. It will be seen that
while the height of contraction at
make and break is diminished, tonus
is still well maintained, though at a
lower level.

(6) Combined Effect of Fatigue and
Load.

After having performed this
series of weight-lifting experiments,
the same muscle was then given a
load of 70 grm. once more. Now the
relative heights of the two com-
ponents of the contraction are sub-
ject to great variation, not only at
different stages of degeneration and
in different muscles, but also in One
muscle at the same experiment.
On this occasion we see (16 a) that
the maintained contraction is at a
considerably higher level than the
summit of the initial twitch, the
summit of which is marked by the
slight kink at the level B. Beyond
this the lever rises more slowly until
the plateau is reached. When the
current had been broken the constant
current was then passed in twelve
times the duration, each time being
about one second. Immediately

 at U
niversity of Sussex on June 8, 2016

http://brain.oxfordjournals.org/
D

ow
nloaded from

 

http://brain.oxfordjournals.org/


328 ORIGINAL ABTICLBS AND CLINICAL CASES

after this another record was taken, shown in 6 b. We see that there is
just the initial rise (A'—B'), which is not very different from the initial
rise in the first case (A—B). Following this however the two curves
are very different, for now the slower contraction is not as high as the
initial twitch and the tonus is very considerably diminished. We see
therefore that although degenerated muscle has the power of maintaining
a load in the contracted state during the passage of the constant current,
yet when the muscle has performed real mechanical work in lifting the
load several times against gravity, this power is considerably impaired,
the actual lift at make being unaffected.

A,!

PIG. 16.—Degenerated white muscle. Combined effect of load and fatigue, a, Effect of
constant current. Load—=70 grm. 6, The same aftar passing in the constant current twelve
times, the duration of the current in each case being about one second. Note the effect on
tonus.

(7) Electrical Behaviour of Bed Muscle.

In the normal red muscle a single contraction is, as we have said,
more sluggish than that of the white muscle, and is preceded by a
longer latent period. If a tracing be taken of the response of the soleus
to a single induction shock it will be seen that the contraction is
composed of two parts. This is shown in fig. 17, where the summit
of the curve is seen to be distinctly double. The lever first rises
quickly, though not as quickly as in the case of white muscle. It then
forms a rounded summit usually a little higher than the first rise, the
two being separated by a small notch. The relative heights, however,
of the two components of the contraction are variable as is shown in the
figures given.

On stimulating with the constant current a most curious condition
is obtained. Sometimes a double contraction is obtained at make and
at break resembling that which is obtained from induction shocks.
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This is shown in fig. 18. Sometimes however the muscle enters at
make into contraction which persists until break (fig. 19). The cause
of this variation in the response of the normal red muscle I have not
been able to determine. It may be an individual peculiarity, or it may

Make Break
Pio. 17.—Normal soleus. Two induction shocks.

Mane Break

FIG. 18.—Normal solous. Constant current. Bipolar stimulation. Time ia seconds.

be due to the age of the rabbit. One thing is certain and that is that it
is not a question of strength of stimulus. If the make and break of a
constant current cause the double form of contraction, as in fig. 18,
greatly increasing the strength of current will not convert this into a
persistent contraction (fig. 20).

(8) Effect of Load on Normal Soleus.

The effect of load is shown in fig. 21. It will be seen that as in the
case of the degenerated white "muscle increase of load diminishes the
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height of contraction, but the persistent contraction is well maintained,
even with 130 grm.

I have performed experiments in order to determine whether the
resemblance between normal red and degenerated muscle can be pushed

PIG. 19.—Normal soleus. Bipolar stimulation with constant current, a <= Ascending
current, b z= Descending current. Time in seconds ; dovmstroko of the signal indicates
make ; upstroke of the signal indicates break.

further. Experimental difficulties have however prevented my arriving
at any definite conclusion. The solens takes origin by a small band
from the posterior aspect of the tibia. On being traced downwards it is
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found to be inserted for a considerable part of its length into a tendon
which is common to it and to the inner head of the gastrocnemius.
Through this attachment it acquires the greater part of its blood supply.
When the muscle has been freed from its neighbours, an operation not

Fio. 20.—Soleus. Strong stimulation with constant current. There is a poor
development of tonus.

50grm.
flll

70 grm. 90 gnn. HO grm. 180 grm.

FIG. 21.—Normal soleus, showing effect of load. Bipolar stimulation ; asoending
current.

easy to perform without damaging its fibres, it is isolated from the
circulation and soon loses its vitality. Moreover the extent to which
the soleus is developed varies very greatly in different rabbits.

For the same reasons the study of the process of degeneration in
this type of muscle has in my hands at any rate led to no definite
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conclusion. In some cases the muscle has atrophied so quickly as to be
almost incapable of contraction by the second week. Sometimes it has
been possible to procure galvanotonus in the degenerated muscle when
this condition was not present in its normal fellow of the opposite side.

(9) Dual Theory of Contraction.

The results so far obtained show that when white muscle degenerates,
its electrical behaviour 6hows a striking resemblance to that sometimes
shown by the undegenerated red muscle. Now the essential structural
difference of the two varieties of muscle is as we have seen the greater
amount of sarcoplasm in the red than in the white. Bottazzi [5] .has
argued that the two structural elements of muscle, the sarcostyle and
sarcoplasm, are both capable of contraction, the former causing brisk,
the latter maintained contraction. Joteyko [14] applies this theory to
degenerated muscle, and assumes that the sarcostyle becomes inactive,
the sluggish response being-due to the sarcoplasm.

The process of reasoning which leads Joteyko to this conclusion is as
follows : White muscle poor in sarcoplasm contracts briskly, red muscle
rich in sarcoplasm contracts slowly—therefore the contraction of the
former is sarcostylic, that of the latter is sarcoplasmic. Since red
muscle degenerates more slowly than white, sarcoplasm degenerates
more slowly than sarcostyle. Therefore when white muscle degenerates
the excitability of the sarcostyle diminishes while that of the sarcoplasm
is exalted. In my experience however there is not a particle of evidence
that red muscle does degenerate more slowly than white. In most
cases the reverse is true. I consider, too, that Joteyko is wrong in
attributing the contraction of red muscle entirely to sarcoplasm on
account of the greater abundance of this constituent in red muscle.
If this were so, what is the function of the sarcostyle in this type of
muscle ?

It is true, I think, that the phenomena of degeneration can best be
explained on Bottazzi's dual theory of muscular contraction, but not for
the reasons put forward by Joteyko. Galvanotonus, as it occurs in the
degenerating white muscle, is best explained on this hypothesis. There
are present in muscle two contractile substances, sarcostyle and sarco-
plasm. The former causes brisk contraction, the latter a more sluggish
contraction, preceded by a longer latent period. In normal white muscle
the sarcostyle alone responds, the sarcoplasm being relatively scanty.
A single brisk contraction therefore occurs. A constant current applied
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to a red muscle brings about as we have seen a double contraction, the
first due to the sarcostyle, the second due to the sarcoplasm, the extent
to which the second contraction occurs varying in different individuals
according to the relative amount and excitability of sarcoplasm in the
muscle. Presumably, when the sarcoplasm is well developed the muscle
exhibits galvanotonus. The comparative slowness of the primary
contraction of red muscle is the property of the sarcostyle. Sarcostyle
responds to stimuli of momentary duration, such as induction shocks,
while sarcoplasm is best stimulated by current of comparatively long
duration. In a white muscle, when degeneration occurs, the excitability
of the sarcostyle is diminished, hence the decreased response to the
faradic current. At the same time the excitability of the sarcoplasm is
increased, the muscle responding to the constant current by a doable
contraction and showing galvanotonus. The white muscle, therefore, in
degeneration comes to resemble the normal red. There is indeed only
one other conceivable explanation of the form of contraction obtained
in the degenerated white muscle. It might be due to the process of
degeneration affecting the individual fibres unequally. If this were the
case the muscle at a certain period after section of the nerve should be
composed of fibres in all stages of degeneration. The contraction
would therefore simply be more prolonged, and would show no sharp
differentiation into two parts.

That two contractile elements in the individual fibres are responsible
for the changes seen in degeneration is further shown by the effect of
fatigue. It has been seen that sarcoplasm is more readily fatigued than
sarcostyle, but that sarcoplasm itself is fatigued as it is stimulated much
more readily by current of long than by currents of short duration.

It has been shown by Parnas [21] that the postural tonus in the
adductor muscle of Mollusca is associated with a gaseous metabolism,
which is very little above that of the uncontracted state. Eoaf [26]
found that in decerebrate rigidity the amount of CO2 formed is not
appreciably greater than in paralysis due to curare. The metabolism
involved in galvanotonus will be the subject of a further communication.
We may note here the fact above shown that in the degenerated muscle
whereas the power of maintaining a load when once it is lifted is well
developed, yet after the real mechanical work of lifting the weight
several times tonus is considerably impaired. In view of Sherrington's
belief that postural tunus is sarcoplasmic the inability of sarcoplasm to
perform mechanical work would seem to be in harmony with the results
obtained by Parnas and by Roaf.
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For the contractility of sarcoplasm there is abundant evidence in
comparative morphology. The power of alteration of shape is present
in the protoplasm of amoeba, and in all cells of amoebic form. At a
stage higher in animal development we find the appearance of fibrils
specially developed for the production of quick movement only. At the
same time the organism still retains the power of slow contraction, the
fibrils not being used in the process. This was first shown by Lieberkiihn
in the stalk of Stentor: " If as often happens the animals shrink slowly
together during several seconds, instead of contracting suddenly, the
fibrils instead of being short, thick and straight at the maximum of
contraction, will be distinctly wave-like, and not perceptibly thicker than
in the ordinary extended state of the animal. . . . When after slowly
retracting the animals are almost globular, there is still a possibility
of contraction, every fibril suddenly becoming short, thick and
straight." The slow contraction is here clearly due to protoplasm.

Lieberkiihn then proceeds to show the effect obtained by exposing
these animals to the constant current: " While the current is passing,
the protozoa usually remains in a state of contraction, but when it is
weak they relax completely after a time, even during the passage of
the current."

A glance at fig. 10 shows the striking resemblance in the effect
of the constant current on the lowest forms.of animal life, and in the
degenerated muscle.

In Stentor the fibrils were seen not to take part in the slow
contraction. We may argue, therefore, that in the highly complex
mammalian muscle the sarcostyle, the part corresponding to the fibrils,
takes no part in slow or in maintained tonic contractions, these being
performed by the less highly differentiated substance.

It is interesting in this connection to compare with the process of
degeneration the action of veratrin. This drug, as is well known, greatly
prolongs the contraction of a muscle due to an induction shock, though
it cannot itself initiate a contraction. Bottazzi believes that this drug
acts by exalting the excitability of the sarcoplasm. The fact that
veratrin is said to enter into chemical combination with the muscle does
not negative such a theory.. The effect of veratrin diminishes after the
first contraction has passed off, a fact which is readily explained by the
greater liability of the sarcoplasm to fatigue which the study of the
degenerated muscle has led us to believe. Further, veratrin increases
the excitability of muscle, resembling again the early stage of degenera-
tion. Lastly, if a muscle be fatigued first, and then the drug applied
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the excitability is increased. In this case the part which was originally
fatigued is the sarcostyle, the drug acting not upon this but upon the
sarcoplasm which is not fatigued, since by ordinary methods of stimu-
lation the latter is not affected. If, therefore, Bottazzi is correct in
assuming that veratrin acts specifically on the sarcoplasm, the
resemblance between the veratrinized and degenerated muscle iB addi-
tional evidence that the change in degeneration involves a disturbance
of the normal relationship of the excitability of sarcoplasm and
sarcostyle.

(10) Function of Bed Muscle.

We have found that red muscle behaves so very differently when
stimulated that we may by a short digression inquire into the function
of this type of muscle. Why further are red fibres intermingled with
the white in the same muscles in some animals, while in others are
individual muscles composed exclusively of one kind or the other?
Starling [28] shows by a comparison of the pectoral muscles of the
falcon, the goose and domestic fowl, that a large proportion of red
fibres is associated with the power of long distance flight. . He argues
from this that red fibres are developed " to carry out long-continued
and powerful contractions." But if we compare experimentally the
weight-lifting power of the gastrocnemius and of the soleus we find no
evidence that the latter muscle is better adapted to this purpose.
Moreover, so great is the size of the gastrocnemius, compared with that
of the soleus, in a well-developed rabbit that it is difficult to imagine
that the brunt of the heavy mechanical work falls on the soleus. If
quick but light movement only were carried out by the gastrocnemius a
smaller muscle would suffice.

Comparing the action of the pectoral muscles of the falcon with
the corresponding muscles in the domestic fowl we find another
difference besides the power of prolonged flight. The fowl performs its
hurried flutter from the ground to the top of the wall by a series
of rapid contractions, in which the whole of the wing takes part. On
the other hand, the falcon, as Dr. Anderson reminds me, in its graceful
flight, keeps the proximal segments of the wings permanently extended
by tonic contraction of the pectoral muscles, while the distal segments
perform the movement necessary for propulsion through the air.
The pectoral muscles then being used in a different manner in the two
birds, we may suppose that the difference in the two kinds of muscle
fibre is associated with a different type of contraction, the white muscles
for rapid, the red for persistent contraction.
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Sometimes the two varieties are associated with difference in rate
of movement. In the skate, for instance, Ranvier [24 J has shown
that the fin is moved forcibly and quickly in one direction by means of
a white muscle, and slowly in the opposite direction by means of a red
muscle, propulsion in one direction being thus attained.

In the case' of the rabbit the anatomical relations of the red muscles
are not without significance. The three best developed muscles of this
type are the soleus, the crureus and the deep head of the triceps.
Now if these muscles all entered into contraction at once the animal
would, so far as the elbow, knee and ankle are concerned, be in a
condition resembling decerebrate rigidity. It would, therefore, appear
as though red muscle is concerned* with the maintenance of posture.
This would bring the red muscle of the mammal into line with the red
pectoral muscles of the large birds. This is no red muscle to dorsiflex
the ankle, because the rabbit never requires to maintain this joint in
the position of active dorsiflexion. Again, from the different rate of
contraction which distinguishes these muscles experimentally we may
infer a similar difference of function. The even function of the tibialis
anticus is to dorsiflex the foot, so that it may clear the ground while
the leg is being brought forward for the next thrust. This is
essentially a quick action, one cannot imagine any contingency in which
the animal would have to perform this movement slowly. In flexion of
the foot on the other hand we may well imagine that as this is as it
were the essential act of progression a greater variety in rate of move-
ment is required. This is provided by the presence of the two types
of muscle on this side of the joint.

Another anatomical difference is this. White muscles sometimes
unite bones of adjacent segments ; much more frequently, however,
they pass over two or more joints. The hamstrings, for instance, are
attached to the pelvis and to the tibia, the gastrocnemius connects the
os calcaneum with the femur, while the long head of the triceps
originates from the scapula, and is inserted intp the olecranon. Red
muscles, on the other hand, usually unite adjacent segments of the
limb, the soleus passing from the tibia to the heel, the short head of
the triceps from the humerus to the ulna, and the crureus from the
femur to the patella. Connected with this is the fact that red muscles
always lie deeply to the white. Since white muscles which pass over
two joints may cause movement at either joint, it is clear that if the
full effect is to be exerted at one joint then the other one must by some
means be fixed. Such fixation may be a function of red muscle. For
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example, the hamstrings can either move the femur backward or they
can cause flexion at the knee. But it would be impossible to get
movement purely at the hip unless the knee were first fixed, and this
could conceivably be done by tonic contraction of the crureus.

One further difference is to be noted between these two varieties of
muscle. In some muscles the place of origin and of insertion are
of small area, all the fibres passing from one end to the other. In
others the attachment at either end may be of considerable extent, with
the result that the fibres are of varying length. Now we find that
speaking generally the white muscles belong to the first class. In the
case of these muscles which pass over two joints especially. The red
muscles belong to the second class. In the rectus femoris, for instance,
most of the fibres arise from the pelvis and are attached to the patella;
there is very little tendon insertion. The subjacent crureus, however,
arises' from a considerable area involving almost the whole of the
anterior aspect of the femur. Consequently the fibres vary very
considerably in length.

Now Lucas [18] has shown that in the case of amphibian muscle
the fibres individually obey the all-or-nothing law as in the case of the
heart. That is to say grading of contraction is brought about, not by
variation in the amount of shortening of each individual fibre, but by
varying the number of fibres brought into play. If this rule holds
also for mammalian muscle, concerning which we have as yet no
information, we can readily imagine that for graded movement the
arrangement found in the red crureus is far superior to that found in a
muscle of parallel fibres such as the rectus femoris.

In higher animals such as man we find that the red and white
fibres are found not in separate muscles but in each individual muscle.
Associated with this is the higher power possessed by man of performing
a movement of accurately graded intensity in almost every mugcle.

The functions of red fibres would then appear to be: (1) to play a
prominent part in maintaining posture ; (2) to perform slow movement;
(3) to perform movement of graded extent; (4) to act synergically with
white muscles which act upon two joints by fixing one joint, thus
enabling the white muscle to act solely upon the other. Red fibres do
not appear to be well adapted to perform mechanical work of a heavy
nature.

Summary of Cliupter V.
(1) The reaction of degeneration in mixed human muscle cannot be

attributed to a more rapid death of the white fibres.
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(2) White muscle at a certain stage of degeneration resembles very
closely normal red muscle in its electrical behaviour.

(3) This is adduced as an argument in support of the theory that
the brisk twitch of normal muscle is a contraction of sarcostyle, while
the slow contraction of degenerated muscle is due to sarcoplasmic
activity, the sarcostyle degenerating more rapidly than the sarcoplasm.

(4) Morphological and pharmacological evidence has been given for
the contractility of sarcoplaBm.

CHAPTEB VI.—ELECTEICAL REACTIONS IN CONDITIONS AFFECTING

MUSCLES PBIMABILT.

We have seen that the process of degeneration is the result of
damage to the motor nerve or nerve cell. Changes in the electrical
behaviour of muscles also occur in those obscure conditions in which
the seat of the lesion appears to be not the nerve but the muscle itself.
At the present day three such diseases are recognized—myasthenia
gravis, myotonia congenita and amyotonia congenita.

(1) Myasthenia Gravis.

Myasthenia gravis is distinguished clinically by the readiness with
which fatigue occurs. Histologically the muscles involved and certain
other organs are the seat of lyrnphorrhages. According to Farquhar
Buzzard [6], electrical examination shows that with the faradic
current the muscles are readily fatigued and soon cease to respond.
If the constant current be applied to a muscle thus fatigued, a brisk
normal contraction is the result. According to other observers the
behaviour of the muscles to the two forms of current is variable;
sometimes cases occur in which fatigue is produced by the constant
more readily than by the interrupted current. It is extremely difficult
to see how this can possibly be the case unless, which is quite possible,
the interrupted current used in the examination was far stronger than
the constant current.

Buzzard has suggested an explanation of his results based upon
Bottazzi's dual theory. He supposes that the condition is due to a
failure of the sarcoplasmic element in the muscle fibre. But this
hypothesis would only hold good if the sarcoplasm were normally more
resistant to fatigue than the sarcostyle. This seems to be disproved by
the experiments above described. Further, the paralysis of the sarco-

 at U
niversity of Sussex on June 8, 2016

http://brain.oxfordjournals.org/
D

ow
nloaded from

 

http://brain.oxfordjournals.org/


DEGENERATION OF MUSCLE FOLLOWING NERVE INJURY 339

plasm does not explain why the fibre retains its excitability to the
constant current when fatigued apparently to exhaustion by the inter-
rupted current. If the contraction obtained by the constant current

FIG. 22.—Muscle. Gastrocnemius of frog, a, Make of constant current. .6, Single
induction shock, c, d, and «, Induction shocks in stages of fatigue by the interrupted
secondary ourrent. / , Make of constant ourrent immediately after e. Note the contraction
is not as good as the initial one a, but is well marked and still brisk, as a comparison with
the time record below (i second) shows.

under these conditions were sluggish, resembling that which is obtained
in the degenerated state, one might argue that in myasthenia gravis
there is a pathological condition affecting the sarcostylic element,
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rendering it abnormally liable to fatigue. But this is not the case.
The problem before us is to explain why the muscle, though no longer
responding to the faradic current responds in an apparently normal
manner towards the constant current.

It is well known that the physiological efficacy of a current depends
upon two factors—intensity and duration. A current of a certain
strength of momentary duration may be totally ineffective, whereas
a carrent of the same strength lasting for a longer period may cause
a normal contraction. The two factors, intensity and duration, are
related to one another inversely, the stronger the current the shorter
the minimal period necessary to produce a physiological effect and
vice versa. Now supposing a muscle be stimulated repeatedly by a
current of certain strength and duration. Sooner or later the muscle,
whether healthy or diseased, becomes fatigued and ceases to respond.
But when this condition is attained the muscle can be made to contract
by using a stronger stimulus. This can be done either by increasing
the voltage of the current or by prolonging its duration. In this way a
fair response can once more be obtained. This can be easily shown
by the following experiment: The frog's gastrocnemius is dissected
out and the distal end connected with a recording lever. It is first
stimulated by the make of the constant current (a, fig. 22). It is then
tetanized until the contraction obtained from a single induction shock
is very feeble and sluggish (b, c and d show stages in the process).
It is now once more stimulated with the constant current. A current
stronger than that used before tetanization is required, but the resulting
contraction, while not as sharp as the first contraction obtained (a),
is nevertheless far better than the slow response obtained from the
induced current. As observed by the eye it would undoubtedly be
considered brisk.

We see therefore that the normal muscle behaves in the same way
as the muscle in myasthenia gravis. The difference is one of degree,
fatigue being induced far more rapidly in the latter than in the former.
The explanation of the reactions in myasthenia gravis would therefore
appear to be perfectly simple. The phenomena are due to an abnormal
proneness to fatigue, which when it has once appeared affects the muscle
in the same way as it does normal muscle. It is thus not necessary to
assume that one histological element is affected more than the other.

(2) Myotonia Congenita.
In this condition all movements are first performed very slowly, and

there is considerable difficulty in relaxing the muscles. With repetition
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the contraction loses its sluggishness and eventually becomes as brisk
as the normal. After a short rest however the sluggishness returns.
Histologically there is a very striking increase in the size of the fibres,
which may be from twice to four times as wide as normal. Transverse
striation is but feebly marked and the nuclei of the sarcolemma are
increased.

Electrical stimulation of the nerve trunk causes a prolonged contrac-
tion of the muscle. Similarly when the muscle itself is stimulated the
resulting contraction is sluggish. In extreme cases it may last as long .
as half a minute. The muscle can be stimulated by K.C.C. and A.C.C.
indifferently.

The clinical picture in this condition reminds one very forcibly of
the action of veratrin, more especially in the prolonged relaxation.
Possibly the hypothesis which Bottazzi brought forward to account for
the action of the alkaloid may apply to this condition also, that is
to say, there is an abnormal development in the amount and excitability
of the sarcolemma. On stimulation it is the sarcolemma and not the
sarcostyle which first responds—hence the sluggishness. The increasing
briskness on repetition of the contraction is further evidence in support
of this, for we have seen reason (Chapter V) to believe that the sarco-
plasm is more quickly fatigued than the sarcostyle. As the excitability
of the sarcoplasm decreases, the stimulus affects more and more the
sarcostyle which is responsible for the brisk contraction ultimately
obtained. That there is such a disturbance in two contractile elements
is further indicated by the histological appearance of a muscle thus
affected, the feebleness of the cross-striation indicating a comparatively
poor development of the sarcostyle.

CHAPTER VII.—WASTING.

Wasting is so characteristic a feature in a muscle separated from its
nerve-cells that it must be regarded as an essential part of the change
which constitutes degeneration. It must be borne in mind, however,
that this is not merely due to what is commonly called disuse, atrophy,
though want of movement is no doubt responsible for some of the loss
of substance involved. In the first place, atrophy due to disuse though
in long-standing cases it may be extreme, never occurs so rapidly as the
atrophy following nerve section. In a case of ulnar paralysis of about
two -months' history, the dorsal interossei will be found to be extremely
wasted. But the small muscles of the hand, which are supplied by the

BEAIN.—VOL. XXXIX. 23
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median, will present a striking contrast, even though the hand has been
completely immobilized. If we use the term " disuse atrophy " in
a broader sense, implying atrophy due not only to want of movement
but also to want of tonus, then disuse may account for a still greater
amount of the wasting which occurs. On the other hand, in paralysis
due to causes other than nerve injury, however far advanced the
wasting is, the electrical changes, characteristic of nerve injury, never
develop. The atrophy of degeneration is therefore something more
than the loss of substance due to want of exercise.

In the experiments described in Chapter V, I have weighed the
muscles used—namely, the gastrocnemius, soleus and tibialis anticus—
and have compared them with the corresponding normal muscles of the
opposite limb. My first object was to find out whether there was any
difference in the wasting of red and of white muscles, for it had been
asserted that the former degenerated more slowly than the white.
In the case of the soleus the muscle is so small in some animals,
especially when degenerated, that it is not easy to weigh it with any
accuracy. The difficulty is further increased by the peculiar insertion .
of the muscle, already noted above. The part of the tendo achillis into
which it is inserted belongs chiefly to the gastrocnemius. In order to
get the true weight of the soleus I have first freed the muscle from its
tendon.

TABLE VI.—SHOWING AMODNT OP WASTING.

No. of
Rabbit

1
2
3
4
5
6
7
8
9

10
11
12

No. of
days
afl«r

section
ofnerve

8
8

10
14
14
15
21
30
84
53
68
70

GiBTROCOTCMIUS

Normal

8-83
10-97
8-10

10-00
11-34
16-70
10-90
15-35
8-84

10-25
13-07
6-75

Degene-
rated

7-64
7-30
7-83
690
8-50

10 06
6-60
680
404
607
6-22
4-95

Percent-
age

difference

13-6
88-5
10-2
810
26-0
860
400
56-4
54-3
40-0
59-8
26-7

SOLEUS

Normal

0-87
100
1-30
1-20
1-49
1-60
0-7
1-22
0-72
0-97
1-46
0-78

Degene-
rated

0-71
0-77
0-74
0-85
1-30
1-82
0-9
0-37
0-67
0 62
0-47
0-27

Percent-
age

difference

18-4
88-0
43-0
29-2
130
17-5

69-7
6-9

46-4
67-6
630

TlUIALIS ANTICD8

Normal

3-12
3-82
4-02

6-75
3-27
560
4-12
4-05
6 30
2-10

Degene-
rated

2-82
3-39
3-91

4-80
3-60
3-60
2 28
2-75
2-75
1-75

Percent-
age

difference

9-6
11-25
2-7

16 5

37-5
45'J
321
48-1
16-7

The figures given in Table VI briDg out one point very clearly, and
that is the great variation to which wasting is liable. In one case
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twenty-one days after nerve section the muscles on the paralysed side
were actually heavier than the corresponding muscles. They may of
course have been considerably heavier before the operation.

It has been customary among advocates of electrical treatment who
wish to give a practical proof of the utility of artificial stimulation
to demonstrate the increase in weight obtained in rabbits' muscles,
unstimulated muscles being used as a control. Lewis Jones, for
instance, used this method as a proof of the superiority of sinusoidal
over the ordinary galvanic current. Eecently Langley [16] has been
unable to find any difference in weight as a result of stimulation. In
these experiments the constant current and the condenser were used,
the muscles being stimulated, some for short, others for prolonged
periods daily. From my own experiments I am convinced that so
great is the variation in wasting to which muscles are liable that
experiments in which loss of weight is taken as the standard are of very
little value. So far as my figures go they would appear to indicate that
there is no great difference between the wasting in red and in white
muscles. On the whole the former atrophy rather more quickly than
the latter. If then the amount of wasting is any guide to the amount
of degeneration, there is no evidence that red muscles degenerate less
rapidly than white.

The results obtained, however, illustrate one point of a more positive
character. It will be seen that the tibialis anticus in all cases wastes
less than the gastrocnemius, in many cases the difference is considerable.
Now it is well known that when the sciatic nerve is injured in man the
anterior tibial group is affected to a greater extent than the muscles of
the calf. Sherren [27] suggests that it is due to the more exposed
position of the fifth lumbar root, and of the external portion of the
great sciatic nerve in the thigh. But this does not explainlthe fact that
the same difference is found in paralysis due to toxic neuritis. Hofman
makes the improbable suggestion that the external popliteal nerve is
more vulnerable, because it receives a smaller branch of the comes nervi
ischadici. Now it has been well known to surgeons that so long as a
paralysed muscle is stretched it will not recover. Neurologists and
surgeons alike have drawn attention to the importance of keeping a
paralysed muscle in a relaxed condition. This has again been very
recently insisted upon by Eobert Jones [13]. There seems no doubt,
therefore, that stretching involves a considerable amount of damage.
In slight injuries or affections of gradual onset, such as neuritis involving
the sciatic nerves, the nerve may be affected as a whole, causing
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paralysis of both muscle groups equally. As the patient continues to-
walk about, a new factor comes into play—namely, the weight of the
foot. By this means the anterior tibial muscles are stretched while the
gastrocnemii are released, hence the damage already done by the nerve
injury is increased in the former, and diminished in the latter. If the
patient lies in bed, the weight of the bedclothes on the toes acts in the
same way unless specially guarded against. Drop-foot of toxic origin
would therefore appear to be due, not to an affection of the external
popliteal part of the sciatic, but to the stretching of the anterior tibial
group after a generalized inflammation of the whole nerve. The same
explanation accounts for the unequal fate of the two sets of muscles-
following wounds of the sciatic, a fact which has been noted both in
the South African War and in the great war of the present day.

That this explanation is probably correct is confirmed by the relative
wasting of the tibialis anticus and gastrocnemius in the rabbit. I n
this animal, as it feeds quietly in its cage, the hind legs are in a-
position of dorsiflexion, whether the sciatic nerve is cut or not. The
gastrocnemius is thus subject to constant stretching, whereas the^
anterior tibial muscle is completely relaxed, hence the greater atrophy
of the former than the latter.

The experimental results, therefore, strengthen the conviction of.
the overwhelming importance of keeping the muscles relaxed.

Summary of Chapter VII.

(1) The amount of wasting is so variable in the rabbit that any
experiments in which loss of weight is adopted as a measure of
degeneration are of little value.

(2) There is no great difference in rate of wasting between white
and red muscles. In the majority of cases the red atrophied more
than the white.

(3) In the rabbit the gastrocnemius wastes more than the tibialis
anticus ; this is explained by the stretching of the former and the
relaxation of the latter in the position of dorsiflexion normal to these
animals. In man the weight of the foot produces the reverse result,,
thus explaining the greater affection of the muscles of the front of thet
leg than of those of the calf.
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CHAPTER VIII.—CONCLUSIONS.

(1) The normal muscle responds to the faradic current, whereas
the degenerated muscle does not. To the galvanic current the normal
response is brisk, the pathological is slow or vermicular.

(2) When the process of degeneration has lasted a month the
degenerated muscle is less excitable than normal to the constant
current.

(3) In normal muscle K.C.C>A.C.C. so long as the testing
electrode is placed on the motor point, this is not always possible in
the case of small muscles. In the degenerated state the muscle tends
to be indifferent to polarity; differences may exist in either direction,
but these are small in comparison. In a normal muscle the K.C.C.:
A.C.C. increases with increase of stimulus, in degeneration the relation-
ship is not varied by increase of stimulus.

(4) Normal muscle is more excitable at its motor point than at
any other part. Degenerated muscle is equally excitable at all points
on its surface.

(5) In cases of peripheral nerve injury there is usually no doubt as
to whether the muscle is degenerated or not. The question of practical
importance is the extent of the injury which the nerve has suffered.
To this question it must be admitted electrical reactions give but a
limited answer, the chief reason being that the electrical response
does not go pari passu with voluntary power. It cannot be too strongly
insisted that the testing of the muscles is one only of several methods
by which we can estimate the condition of the nerve. It is not the
purpose of this thesis to discuss these methods, but we may enumerate
them here. They are (i) the sensory loss, (ii) the trophic changes, that
is to say the condition of the hair, nails and skin, and (iii) the degree of
wasting. In cases of gunshot wounds of nerves, if the full reaction
of degeneration is given by wasted paralysed muscles, if the sensory loss
is full and trophic changes well developed, exploratory operation is
advisable without delay provided the wound is aseptic. And this for
two reasons : first, the small risk of the operation; second, the long period
which must elapse before any objective change occurs if a waiting
policy is taken. Cases in which the muscles give the reaction of
degeneration where the wasting is slight, where the sensory loss is not
complete, and when the trophic changes are not developed should be
watched first for a couple of months or so. • Injuries of this class
usually recover without operative interference. These are the two
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main types of nerve injury met with in the present war. Cases of an
intermediate type, of course, occur. My own practice has been in such
doubtful cases to advise operation. I may say that in a very large
number of cases I have had reason to regret my decision in one only.

(6) This brings us to the question of subsidiary treatment by
electricity and massage. Langley [16] has attempted to show by
experimenting on rabbit's muscles that daily stimulation is useless.
I have already shown that the results obtained in this way are incon-
clusive, and altogether beside the point. The results must be obtained
from man. It is, of course, impossible to obtain any absolute proof by
this method, but one has only to compare a limb which has been well
cared for by constant stimulation with one which has been neglected, to
be convinced of the value of electrical treatment in these cases. How
the current acts is not certain. We may suppose that just as passive
movement improves the condition of an affected joint by breaking down
adhesions and exercising the muscles, so constant internal movement of
the muscle itself maintains a condition of mobility in the sarcoplasm,
and prevents fibrosis during the regeneration of the sarcostyle.

As to the form in which treatment should be administered I consider
the constant current interrupted by a metronome to be the best. This
should be done for at least fifteen to twenty minutes daily. Care must
be taken that the current does not spread so as to stimulate the healthy
muscles of the opposite side of the limb. If this is done the paralysed
muscle is damaged by being stretched. For this reason the method of
immersing the whole limb in an electric bath is strongly to be depre-
cated. The greater spread of current which occurs when the condenser
is used makes this instrument less efficient as a means of treatment
than the interrupted constant current. I have already insisted upon
the importance of keeping the paralysed muscle permanently relaxed.

The clinical data of the above work were obtained from patients at
the First Eastern General Hospital, Cambridge; the experimental
portion at the Physiological Laboratory of the University. The
expenses were defrayed by the Medical Research Committee, whose
secretary, Dr. W. M. Fletcher, I have to thank for suggesting the
experimental part. I am indebted also to Dr. H. K. Anderson, for the
interest he has taken in the research, and to Mr. J. Barcroft for kindly
facilitating work in a laboratory much depleted of assistants.
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